ABSTRACT. Horizontal gene transfer is an important mechanism for the evolution of microbial genomes, and many horizontal gene transfer events are facilitated by genomic islands (GIs). Until now, few reports have provided evidence for the co-evolution of horizontally transferred genes and their hosts. We obtained 17 groups of homologous GIs, all of which appear in 8 or more bacterial strains of the same species or genus. Using phylogenetic analyses, we found that the topological structure of a distance tree based on the proteins of each group of homologous GIs was consistent with that based on the complete proteomes of the hosts. This result clearly indicates that GIs and their bacterial hosts have co-evolved. In addition to presenting and providing evidence for a novel concept, i.e., the co-evolution of GIs and their bacterial hosts, we also describe a new and interesting detail for the phylogenetic analysis of horizontally transferred genes: consistent phylogenetic trees can be obtained by focusing on homologous GIs despite the commonly accepted theory that the phylogenies of horizontally transferred sequences and host organisms should be inconsistent.
INTRODUCTION
Microbial genomes consist of core and accessory sequences. Core sequences have a fairly homogeneous G+C content and codon usage and encode housekeeping functions, whereas the accessory sequences differ from the rest of the genome in their G+C content and codon usage (Hacker and Kaper, 2000; Ochman et al., 2000; Vernikos and Parkhill, 2006) . Accessory sequences are usually acquired via horizontal gene transfer (HGT) (Garcia-Vallvé et al., 2000 Nakamura et al., 2004) . HGT is an important mechanism for the evolution of microbial genomes (Lawrence, 1999; Dobrindt et al., 2004) . It contributes to the composition of the genomes, provides novel metabolic capabilities, and causes drastic changes in the ecological or pathogenic characters of bacterial species, thereby promoting microbial diversification and speciation (Lawrence, 1999; Gogarten and Townsend, 2005; Juhas et al., 2009) .
Many HGT events are facilitated by genomic islands (GIs) (Hacker and Kaper, 2000) . GIs are discrete DNA segments of a genome that show evidence of horizontal origins (Juhas et al., 2009) . GIs appear in the genomes of most pathogenic and nonpathogenic bacteria (Dobrindt et al., 2004) , and they usually encode accessory functions -such as additional metabolic activities, antibiotic resistance, symbiosis, pathogenesis, or properties involved in microbial fitness -that are not essential for bacterial growth but are advantageous under particular conditions (Hacker and Carniel, 2001; Hentschel and Hacker, 2001; Ho Sui et al., 2009) . Most recently inserted GIs differ from core genomes with respect to G+C content and codon usage (Hacker and Kaper, 2000) . The evolutionary advantage of GIs over small inserts is that a large number of genes can be transferred and incorporated as a whole into the recipient genome. The transfer may lead to dramatic changes in an organism and ultimately result in a quantum leap in evolution (Hentschel and Hacker, 2001) .
As more and more microbial genomes have been sequenced, HGT events have been observed more frequently (Lawrence, 1999; Ochman et al., 2000; Garcia-Vallvé et al., 2000 Nakamura et al., 2004; Keeling and Palmer, 2008; Touzain et al., 2010) . At the turn of this century, researchers believed that the extent of these events would cast doubt on the feasibility of constructing a "tree of life" (Pennisi, 1998; Wolf et al., 2002) , because trees based on horizontally transferred genes and those based on genes with vertical inheritance are usually inconsistent (Doolittle, 1999) . The concept of a universal "species" tree had not been considered appropriate until the appearance of numerous tree-constructing methods based on whole-genome comparisons (Wolf et al., 2001 (Wolf et al., , 2002 . The inconsistency between the phylogenies of horizontally transferred genes and an organism has been a gold standard for recognizing HGT (Keeling and Palmer, 2008; Touzain et al., 2010) . However, herein we show that phylogenetic trees with consistent topological structures were obtained when homologous GIs were adopted to construct distance trees in 17 groups of bacterial genomes. Such consistency suggests co-evolution between GIs and their bacterial hosts. With the exception of the amelioration model proposed by Lawrence and Ochman (1997) , our study is the first to report evidence of the co-evolution of horizontally transferred genes. Lawrence and Ochman (1997) found that the sequences of a gene cluster, spa, was ameliorated and had converged with that of the recipient enteric bacterial genome through mutation pressure. However, they did not adopt a phylogenetic analysis to show the amelioration. Herein, we present direct evidence for the co-evolution of GIs and their bacterial hosts through performing phylogenetic analysis.
MATERIAL AND METHODS

Known GIs and methods for identifying homologous GIs
All of the GIs selected were known GIs that have been thoroughly studied. They have been used frequently in published researchs and constitute fairly reliable data sets. From the Pathogenicity Island Database (http://www.gem.re.kr/paidb/) (Yoon et al., 2005 (Yoon et al., , 2007 , we obtained 63 of these GIs. In addition, 41 known GIs were obtained through an automatic PubMed search and subsequent manual check. In total, 104 well-documented GIs were prepared to perform a thorough analysis. DNA sequences for the bacterial hosts of these GIs were downloaded from the National Center for Biotechnology Information (ftp:// ftp.ncbi.nih.gov/genomes/Bacteria/). Two theoretical approaches can be used to identify GIs (Langille et al., 2008 (Langille et al., , 2010 . One is based on sequence composition and the other is based on comparative genomics. The latter relies on the definition of HGT rather than on its outcome and, hence, has a lower rate of false positives. To achieve reliable results, all of the GIs used in our study were identified with the comparative genomics method.
Known GIs are often reported (or identified) only in a few bacterial strains. However, closely related bacterial strains contain GIs homologous with those reported. To find all of the homologues for a known GI, we performed a homology search for its core genes within the genomes of closely related bacterial strains. Homologous GIs are those with homologues of the core genes of the known GI. Homologous genes were determined using "bidirectional best hit" criteria. Boundaries (namely, integration sites) of newly identified GIs were determined by comparing the flanking genes of all homologous GIs. Consequently, 17 known GIs were found to have homologues in 8 or more bacterial strains of the same species or genus.
Phylogenetic methods
To check the co-evolution of GIs and their hosts, phylogenetic trees showing the evolutionary relationships among each group of bacterial strains were constructed based on homologous GIs and the complete genome of the hosts, respectively. The feature frequency profile (FFP) method was used to construct the trees. The FFP method, proposed by Sims et al. (2009a) , is an alignment-free method in which feature (or l-mer) frequency profiles of whole proteomes are compared. The proteomes of organisms are stored as a collection of individual protein sequences. To use the method, we first calculated the frequency of the l-mer for each proteome corresponding to a chromosome or a chromosomal fragment. A sliding window of length l was run along a protein sequence with length L from position 1 to L -l + 1. The sliding window was moved to the next protein sequence and so on until the entire proteome was scanned. During the sliding process, the occurrence number for l-mer was counted. The counts were tabulated in the vector C l for all possible features of length l:
where K denotes the number of all possible features and is equal to 20 l .
(Equation 1)
The raw frequency counts were then normalized to form a probability distribution vector or FFP,
Obviously, the FFP determines the relative abundance of each l-mer. Thus, an organism is represented as an FFP of its proteome. The Jensen-Shannon divergence with FFPs was used to calculate distance (dissimilarity) between organisms.
Once a distance matrix was calculated, constructing phylogenetic trees using the BIONJ method was straightforward (Gascuel, 1997) . Currently, the FFP method has been applied to the phylogenetic study of viruses (Wu et al., 2009) , mammals (Sims et al., 2009b) , and prokaryotes (Jun et al., 2010; Sims and Kim, 2011) . We implemented the FFP method by writing a Python code. As suggested by the authors of FFP, an optimal feature length of 8 was used in this study. We used jackknife tests to estimate the statistical confidence of the resulting trees -that is, the phylogenetic tree was constructed by excluding one sample at a time.
Another alignment-free tree construction method, the composition vector (CV) , was also used to ensure the reliability of our results. Currently, the CV method has been applied to the phylogenetic study of viruses (Gao et al., 2003) , chloroplasts (Chu et al., 2004) , and prokaryotes . The CVTree server (Xu and Hao, 2009 ) that implements the method is available online (http://tlife.fudan.edu.cn/cvtree/), and we used its default settings. The trees generated using the 2 methods were displayed using Tree Explorer in Molecular Evolutionary Genetics Analysis 4 (Tamura et al., 2007) .
RESULTS AND DISCUSSION
Consistent phylogenetic trees based on homologous GIs and complete proteomes of the hosts of 17 groups of bacterial strains
We selected known GIs that have homologues in 8 or more bacterial strains of the same species or genus. A total of 17 known GIs met this criterion. Details of the 17 groups of homologous GIs are listed in Table S1 . We constructed phylogenetic trees for each group and compared them with trees constructed based on the complete genomes of the hosts. Carrying out phylogenetic analysis requires an approximate tree-constructing method. The method should construct trees based on the complete sequences of GIs or their hosts because investigating the evolutionary relationship between the overall GIs and the whole hosts is necessary. The FFP (Sims et al., 2009a) and CV methods ) satisfy these requirements and are based on complete proteomes of organisms or adequately large collections of protein sequences.
The FFP method was used to construct the phylogenetic trees based on each group of homologous GIs and their hosts, respectively. Then, 2 types of trees were thoroughly compared. In the species Staphylococcus aureus and its GI vSaα, for example, 15 strains are found to have vSaα homologous GIs. After comparison, a sub-tree of 11 strains based on GIs was found to have a topological structure consistent with that based on the complete proteomes of the hosts. The 4 exceptional strains were MRSA252, Newman, RF122, and ED98. The 2 types (Equation 2) li of phylogenetic trees were inconsistent when these exceptional strains were merged into them.
The GI tree and the host tree for the 11 strains of S. aureus are shown in Figure 1 . They have the same topological structure, which means that the 2 trees reflect the same evolutionary relationship for the 11 strains. In other words, the GI tree also reflects the phylogenetic relationship of the hosts. However, these homologous GIs have the same source or donor -that is, they contained the same sequences at the time of insertion. After a period of time, they evolved into different sequences, and interestingly, the resulting protein sequences of the GIs contain information from the host. Therefore, we reasonably concluded that GIs vSaα and their host genomes co-evolved. A. The evolutionary tree is constructed based on proteins contained in vSaα and its homologous GIs. B. The tree is constructed based on the complete proteomes of the hosts. Marked fraction shows the appearance frequency of each branch in the jackknife test. Branch lengths are not to scale so that the clade and tree topology can be clearly displayed. As can be seen, topological structures of the two trees are consistent.
Phylogenetic trees of the other 16 groups of homologous GIs and their hosts were similarly compared and are provided in Figure S1 . The number of strains with homologous GIs and the maximum number of the strains with consistent sub-trees are listed in Table 1 . All 17 groups had 7 or more strains with consistent topological structures of phylogenetic trees. Therefore, the percentages of strains with consistent trees are all equal to or larger than 50%, which indicates that the 17 groups of homologous GIs and their hosts co-evolved. Therefore, the co-evolution between GIs and their bacterial hosts may be a universal phenomenon. E. coli 9 9 8 9 7 8 8 8 8 9 8 7 (78%) 9 PPI-1 S. pneumoniae 7 7 7 6 6 7 6 7 7 7 7 7 (64%) 11 SPI-1 S. enterica 9 10 11 11 9 10 10 12 9 9 10 10 (63%) 16 SPI-2 10 10 9 9 11 10 11 9 10 9 10 10 (63%) 16 SPI-3 10 9 8 8 10 8 11 8 7 8 9 8 (53%) 15 SPI-4 10 8 11 8 12 9 8 9 10 10 10 13 (81%) 16 SPI-5 9 9 8 10 11 10 9 9 8 8 9 8 (50%) 16 SPI-6 7 9 7 8 7 8 8 9 8 7 8 9 (82%) 11 SPI-9 7 6 9 9 11 7 10 8 10 8 9 9 (56%) 16 SPI-11 12 6 8 9 10 8 10 9 8 7 9 10 (67%) 15 SPI-12 10 8 8 10 9 9 8 11 10 8 9 8 (50%) 16 SPI-16 9 9 8 10 10 8 10 9 8 9 9 9 (60%) 15 vSaα S. aureus 11 11 12 11 13 10 12 11 11 12 11 11 (73%) 15 vSaβ 11 10 11 12 12 10 13 10 10 11 11 10 (67%) 15 vSaγ 10 11 11 11 11 12 12 10 11 10 11 11 (73%) 15
a The percentages in parentheses are obtained by dividing the number of genomic islands (GIs) with consistent trees by the total number of strain hosts with the homologous GIs. Table 1 . Maximum number of strains that have consistent phylogenetic trees constructed by the feature frequency profile method for each of the 17 groups of samples.
Phylogenetic trees constructed using the CV method were also compared, and the results are listed in Table 2 . The co-evolutionary relationship between the homologous GIs and their hosts was illustrated in this analysis.
Explanation of the consistency in the trees of most strains
Homologous GIs have the same source or donor and, hence, contained the same sequences at the time of insertion. Over time, they evolved into various sequences, and the dis-
Number of GIs with consistent trees a 7 (78%) 7 (78%) 6 (67%) 8 (73%) 10 (63%) 10 (63%) 7 (47%) 12 (75%) 12 (75%) GI SPI-6 SPI-9 SPI-11 SPI-12 SPI-16 vSaα vSaβ vSaγ
Number of GIs with consistent trees a 8 (73%) 9 (56%) 11 (73%) 8 (50%) 9 (60%) 12 (80%) 10 (67%) 11 (73%) a The percentages in parentheses are obtained by dividing the number of genomic islands (GIs) with consistent trees by the total number of strain hosts with the homologous GIs. Table 2 . Maximum number of strains that have consistent phylogenetic trees constructed by the CVTree method for each of the 17 groups of samples.
crepancies can be used to resemble the phylogenetic relationship of their hosts. The dynamic evolution process of the GIs is called co-evolution. Lawrence and Ochman (1997) have analyzed the post-introgression evolution process of horizontally transferred genes through a process called amelioration. According to this process, horizontally transferred genes reflect the base composition of the donor genome at the time of insertion, but over time, these sequences may ameliorate to reflect the DNA composition of the new genome. This change occurs because the introgressed genes are subject to the same mutational processes that affect all genes in the recipient genome. Lawrence and Ochman (1997) proposed a model to describe the amelioration process by assuming that the rate of amelioration could be expressed as a function of the rates of evolutionary change or substitution rates. Using this model, they simulated the process of amelioration for a gene cluster, spa, of enteric bacteria. Over a long period of such evolution, the composition character of the donor fades as the character of the acceptor grows.
Our study illustrated the current status of GIs, which are a larger collection of horizontally transferred genes, using a phylogenetic method. Although the phylogenetic history of the donor in itself could not be erased from the homologous GIs, the current status (particularly composition information) of the GIs could be reliably used to infer the phylogenetic relationships among their new hosts. Therefore, phylogenetic trees consistent with those of the hosts are obtained when composition-based methods -namely FFP and CV -are used to construct the trees. We do not use the term amelioration because evolutionary patterns other than directional evolution or amelioration may exist during the post-introgression period. For example, GIs and their hosts may evolve concurrently owing to new genome-scale evolution pressures.
A commonly accepted expectation is that phylogenetic trees based on horizontally transferred genes will differ significantly from those based on important and conserved genes or complete genomes (Doolittle, 1999; Pennisi, 1998; Wolf et al., 2002; Keeling and Palmer, 2008) . This difference occurs because horizontally transferred genes and conserved genes of a certain species are from different sources. However, our study showed that phylogenetic trees consistent with those of hosts can be obtained when homologous GIs are used to construct the tree. Therefore, we provide a new and interesting detail for the phylogenetic analysis of horizontally transferred genes.
Interpretation of the appearance of outliers for consistent trees
Although the 2 kinds of sub-trees (GI tree and host tree) for most of the bacterial strains under study had consistent topological structures, some outlier strains were present among each group of samples. To understand the appearance of the outliers, we constructed another kind of phylogenetic tree using the FFP method. However, instead of using proteins contained in homologous GIs, we chose random proteins. For a known GI, the same number of proteins was randomly chosen from the proteome of the host. Then, homologous proteins were extracted in the other hosts in the group. We choose only proteins conserved in specific outgroups and hosts. Therefore, the chosen proteins were likely to be native proteins and, hence, representative of the phylogenetic relationship of their hosts to the greatest extent. The maximum numbers of bacterial strains with consistent sub-trees among the whole proteomes and randomly chosen proteins are also listed in Table 1 . To avoid sampling bias, we repeated the selection procedure 10 times and the maximum consistent numbers for all 10 comparisons are listed in Table 1 .
Similar to the outcome in the GI tree, the maximum consistent number of "randomly chosen protein trees" is also lower than the number of strains with homologous GIs. For example, in S. aureus and its GI vSaα, the maximum consistent number between the GI tree and the whole proteome tree is 11. Comparatively, the maximum consistent number between the randomly chosen protein tree and the whole proteome tree is also 11. Therefore, GI vSaα may resemble the phylogenetic relationship to a similar extent, with the native fragment having the same number of proteins. We could not demand that the GIs be more effective than the native proteins to resemble phylogenetic relationship, so it is easy to understand why a few outliers appear in Figure 1 . As shown in Table 1 , the maximum consistent numbers between the 2 kinds of trees (GI trees and randomly chosen protein trees) are also similar in the other 16 groups sampled. Therefore, the reason for the appearance of outliers in the 2 kinds of trees (GI tree and the randomly chosen protein tree) may be the same: the number of contained proteins is so small that it could not act as an appropriate representative of the hosts.
